We present the results of differential proper-motion analyses of the Egg Nebula (RAFGL 2688, V1610 Cyg) based on the archived two-epoch optical data taken with the Hubble Space Telescope. First, we determined that the polarization characteristics of the Egg Nebula is influenced by the higher optical depth of the central regions of the nebula (i.e., the "dustsphere" of ∼ 10 3 AU radius), causing the nebula illuminated in two steps -the direct starlight is first channeled into bipolar cavities and then scattered off to the rest of the nebula. We then measured the amount of motion of local structures and the signature concentric arcs by determining their relative shifts over the 7.25-yr interval. Based on our analysis, which does not rely on the single-scattering assumption, we concluded that the lobes have been excavated by a linear expansion along the bipolar axis for the past ∼ 400 yr, while the concentric arcs have been generated continuously and moving out radially at about 10 km s −1 for the past ∼ 5, 500 yr, and there appears to be a colatitudinally-increasing trend in the radial expansion velocity field of the concentric arcs. There exist numerical investigations into the mass-loss modulation by the central binary system, which predict such a colatitudinally-increasing expansion velocity field in the spiral-shock trails of the mass-loss ejecta. Therefore, the Egg Nebula may represent a rare edge-on case of the binary-modulated circumstellar environs, corroborating the previous theoretical predictions.
Introduction
The Cygnus Egg Nebula (V1610 Cyg, RAFGL 2688; hereafter, the Egg Nebula) is one of the first infrared sources discovered with an optical bipolar nebulosity (Ney et al. 1975 ).
This object, usually referred to as a proto-planetary nebula (Kwok 1993; Van Winckel 2003) , consists of the central star in the post-asymptotic giant branch (post-AGB) phase and the physically-detached circumstellar shell, which is a consequence of mass loss during the preceding AGB phase. While AGB mass loss is qualitatively understood dust-driven, the exact physical mechanisms of the structure formation in the circumstellar shell are still not understood completely.
The Egg Nebula is known for its signature bipolar lobes and rather circular concentric arcs (Sahai et al. 1998b) . While there are about a dozen sources with such arcs, the Egg Nebula is known to possess the largest number of arcs (> 20; Hrivnak et al. 2001; Su 2004 ).
These concentric arcs are qualitatively perceived as manifestations of some kind of mass loss modulations that took place during the early AGB phase. However, the deduced temporal intervals do not match with any of the known theoretical temporal intervals (e.g., thermal pulsing and surface pulsations of AGB stars; Su 2004) .
One of the direct methods to understand the dynamics of the circumstellar structure formation is to perform a differential proper-motion analysis and measure the amount of relative translational motion of specific shell structures. We performed such an analysis for the bipolar lobes and the equatorial structures of the Egg Nebula using NICMOS imaging-polarimetry data taken with a 5.5-yr baseline and found that (1) the lobes expanded linearly (i.e., the expansion velocity linearly proportional to the distance to the expansion center), (2) the distance to the Egg Nebula was 420 ± 60 pc, and (3) the object (star and nebula) itself experienced its own proper motion at (13.7 ± 2.0, 10.2 ± 2.0) mas yr −1 (Ueta et al. 2006 (Ueta et al. , 2012 . However, we were unable to measure differential proper-motion -4 -of the concentric arcs because the NICMOS field of view was too small and the surface brightnesses were too weak is in the near-IR. Balick et al. (2012) performed the latest attempt using ACS/HRC and WFC3/UVIS images with a 6.65-yr baseline. They reported (1) a uniform expansion of the bipolar lobes by 2.5% and (2) radial motion of the arcs by 0.
′′ 07. However, their analysis was limited to the central ∼ 20 ′′ and lacked background reference sources to properly align multi-epoch images. Hence, they were unable to confirm the bulk motion of the nebula and assumed that the shell structures expanded symmetrically.
In this work, we performed differential proper-motion measurements of the concentric arcs using the archived imaging-polarimetry data from WFPC2 and ACS/WFC, exploiting the data set's largest field of view, longest exposure time, and longest temporal baseline to overcome the deficiencies of the previous analyses. Below, we describe the data set and reduction procedure ( §2), present the reduced imaging polarimetry data, differential
proper-motion measurements, and results of our analysis ( §3), and summarize our finding ( §4).
Observations and Data Reduction
We used the archived data of the Egg Nebula in the F606W band with polarizers taken which provide a 7.25-yr baseline (Table 1) . We reduced the data using the PyRAF/STSDAS MultiDrizzle package version 3.13 (Fruchter et al. 2009) 1 to process the multi-program data into a common frame of reference. After removing cosmic-ray hits from the pipeline-calibrated data using L.A.Cosmic (van Dokkum 2001; there was only one exposure with each of the three WFPC2 polarizers), we performed two rounds of MultiDrizzle processes to refine the image alignment by using background point sources as spatial anchors.
In the end, we generated two sets of three polarizer images for a 60 Sahai et al. 1998a ). Finally, these polarizer images were combined into two sets of Stokes images via matrix transformations for each of the WFPC2 and ACS polarizers as described by Biretta & McMaster (1997) and Gonzaga et al. (2011) , respectively.
We measured the amount of shift for each background source and rejected those that shifted more than two-σ of the distribution: after this exercise 31 sources were adopted 
Data Analysis and Discussion

Photometric Variability
The Stokes I images (Figs. 1a, b) are the total flux images at the Broad V band in the AB magnitude system (Oke 1974; Gonzaga et al. 2011) . These maps show the signature bipolar lobes plus the searchlight beams as well as the concentric arcs. The two-epoch aperture photometry revealed that the total integrated flux of the Egg Nebula decreased by 36% over 7.25 yrs, while the individual fluxes of the N and S lobes decreased by 34% and -6 -41%, respectively (Table 2) . Balick et al. (2012) reported similar but smaller flux variations, with the N lobe faded more than the S lobe (by 11% and 3%, respectively), over 6.65-yr baseline immediately following ours. Moreover, Hrivnak et al. (2010) discovered that the integrated flux of the N lobe varies with a roughly 90-day period. These observations suggest that both N and S lobes vary their fluxes periodically with a phase lag, which is probably a manifestation of the pulsation of the central star modulated by the time-delay due to the line-of-sight path-length difference between the two lobes of the inclined nebula.
Polarization Characteristics
Polarized-Flux-Only Maps
The linearly-polarized-flux-only images, I pol , were constructed with the Stokes Q and
). In the single-scattering limit, I pol images represent the cross-sections of the circumstellar shell because I pol tends to be the strongest when the angle of scattering is close to 90
• . This uniqueness of I pol had been used previously to probe the dust density structure in the evolve star circumstellar shells (Ueta et al. 2005 (Ueta et al. , 2007 .
Contrary to our expectations, however, the bipolar lobes and searchlight beams appeared more prominently than the concentric arcs (Figs. 1c, d) . This indicates that the nebula cannot be approximated in the single-scattering limit (as evidenced by the presence of the dust lane): the Egg Nebula is therefore illuminated by a two-step process, in which starlight is first directed into the lobes and then scattered off from the lobes to the rest of the nebula.
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Polarization Strength Maps
The polarization strength images, P = I pol /I, display the relative strength of polarization more clearly (Figs. 1e,f). While stronger polarizations ( 40%) are seen in the lobes and searchlight beams, weaker polarizations ( 40%) are dominant along the equatorial plane except for the region of medium polarizations (about 30 to 50%, delineating the central 2.4 ′′ × 3.8 ′′ region around the dust lane (1.0 × 10 3 by 1.6 × 10 3 AU at 420 pc).
This medium-polarization region appears to represent the surface of a marginal central dust concentration (often referred to as a dust cocoon; Latter et al. 1993; Sahai et al. 1998a,b; Goto et al. 2002) at which the line-of-sight optical depth at V becomes greater than unity (i.e., dustsphere as in photosphere and MOLsphere). This dustsphere and the bipolar lobes are essentially brightly-lit surfaces that illuminate the rest of the nebula.
Hence, dust-scattered light from the rest of the nebula tends to be de-polarized, i.e., weak in I pol and P .
The structure of this central dust concentration is still unknown. Cox et al. (2000) reported the presence of a hollow CO shell of 1 ′′ radius expanding at ∼ 10 km s −1 at the position angle of ∼ 54 • (coincident with the orientation of the 1.3 mm dust continuum).
Thus, this medium-polarization-strength region could represent the "near-side surface" of this central expanding CO/dust shell. To better assess the geometry of the central material distribution, further investigations at higher spatial resolution at optically-thin bands are required.
Polarization Angle Maps
The polarization angle (PA = 
Differential Proper-Motion Measurements
Nebula Expansion
As discussed above, the optical reflection nebulosity of the Egg Nebula is caused by a two-step illumination process in rather de-polarized light. Therefore, we reverted to the total intensity I maps (i.e., to utilise all the flux available to us) to follow the differential proper-motion of local shell structures using the same correlational method as in our previous analysis. Briefly, this method measures the amount of translational shift of a given structure between two epochs via a cross-correlation analysis between cutouts of the two-epoch images (e.g., Currie et al. 1996; Morse et al. 2001) . We use our own IDL script set created as part of our previous proper-motion investigations of the Egg Nebula in the near-IR (Ueta et al. 2006 for details).
To make the analysis more tractable with the I maps, we edge-enhanced the shell structure while minimizing the background noise by processing the maps with the Roberts'
Cross operator (Roberts 1963) . These maps are shown in Fig. 2 . Because concentric arcs are azimuthally symmetric, the present correlational method is unable to break the azimuthal -9 -degeneracy and uniquely trace translational shifts of arc segments along the azimuthal direction. This prevented us from following the differential proper-motion of structures azimuthally away from the bipolar axis, and hence, from independently confirming the bulk motion of the nebula and location of the expansion center. Thus, for the present analysis we adopted the previously discovered (1) bulk motion of the Egg Nebula at a rate of (13.7 ± 2.0, 10.2 ± 2.0) mas yr −1 , (2) the location of the illumination source/expansion center, and (3) the distance to the Egg Nebula at 420 ± 60 pc as found in our previous analysis (Ueta et al. 2006 ).
We then selected 30 distinct local structures that register more than five S/N with respect to the sky background distributed in the lobes (13 structures This outflow velocity is consistent with the medium-velocity component found in CO (Young et al. 1992; Yamamura et al. 1995) .
The best-fit for the arc segments along the searchlight beams beyond the lobes turned out to be a constant-speed expansion at v rad = (5.28 ± 0.17) mas yr −1 or 10.52 ± 0.34 km s −1
(the solid black line in the light-gray zone), suggesting that the arcs have been ejected in an on-going basis and coasting away at a constant speed, as opposed to being formed altogether at the same time and expanding linearly. This is a new finding from the present analysis with a larger field of view with respect to the previous analysis by Balick et al. (2012) , in which both growth patterns were found equally likely. A detection of the central CO shell of 1 ′′ radius expanding at around 10 km s −1 reported by Cox et al. (2000) , therefore, may be related to the presence of these concentric arcs. If so, the generation of the concentric arcs appears to have been continuing even after the onset of the bipolar lobe expansion.
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Radial Expansion of the Concentric Arcs
To further alleviate the azimuthal degeneracy issue of the concentric arcs, we "unrolled" the edge-enhanced I maps with respect to the adopted location of the expansion center to make polar (r, Θ) maps, where r and Θ are the radial distance from the center and the position angle measured from N, respectively. Then, we traced the projected radial motion of concentric arcs as a function of the position angle by performing the same correlational analysis only along the radial direction for each 1
• azimuthal arc segment as long as these arc segments register more than three-σ of the background (Fig. 4a,b ). velocities is large, the increasing tendency appears genuine.
If there were a well-defined azimuthal/latitudinal gradient in the radial expansion velocity field, it should have manifested itself in the overall structure of the concentric arcs -the arcs should have been elongated along the equatorial plane at least by a factor of a few. However, the arcs strikingly concentric. Therefore, it is most likely that there is a faster outflow (> 20 − 30 km s −1 ) in spatially restricted regions along the equatorial plane and that arc segments along the equatorial plane must have been blown out by such an outflow -the higher-velocity segments near the end of the observed arcs are most likely the arc edges being torn off by the suspected outflow.
Combined altogether, it appears that there are three distinct outflow components in the circumstellar environs of the Egg Nebula. There is a generally spherically symmetric -12 -steady outflow with a periodical modulation at about 10 km s −1 , which is responsible for the concentric arcs. Based on the arc segments seen farthest from the center in the higher-S/N epoch 2 map, this periodic outflow appears to have continued at least for the past ∼ 5, 500 yr at the interval of 50 − 400 yr at 420 pc.
This generally symmetric shell structure seems to be disrupted by two distinct outflow components, one along the bipolar axis and the other along the equatorial plane. It has already been shown that the bipolar lobes have been being excavated by a linear expansion for the past 300 − 400 yr with the tip velocity being about 30 km s −1 . Circumstantially, this linearly expanding outflow along the polar axis seems to have punched holes out of the central dust cocoon, through which most of the dust-scattered light streams out along the bipolar axis to illuminate the lobes. The present analysis of the concentric arcs has indicated the presence of another outflow component along the equatorial plane: its velocity appears to be greater than 20 − 30 km s −1 based on the ways that concentric arcs are being disrupted along the equatorial plane. Other observational details of this outflow including the mode and duration, however, remain unclear.
Origins of the Outflow Components
The apparent superposition of three outflow components in the Egg Nebula is dynamically very intriguing. While theoretical consideration of the latitudinal dependence of the velocity field has been rare (e.g., Dwarkadas, Chevalier, & Blondin 1996) , in studying the influence of the central binary system to the AGB wind structure, Mastrodemos & Morris (1999) numerically discovered that (1) the latitudinal dependence of the gas density is always accompanied by a latitudinal decline in the outflow velocity field, and (2) there can be a positive correlation between the latitudinal density and velocity contrasts (i.e., outflow velocity becomes faster where density is greater; their model 4), contrary to many -13 -dust-driven models that assume a velocity profile that increases toward the polar direction.
This means that the present case may provide rare observational evidence for such a colatitudinally-dependent outflow velocity field resulting from the egg-beater mass-loss modulation by the central binary system. While spiral modulation of mass-loss ejecta due to the central binary system has been seen around AGB stars for near pole-on cases (AFGL 3068; Mauron & Huggins 2006, Mira; Mayer et al. 2011, R Scl; Maercker et al. 2012 ), the present data may lend support for an edge-on case in which (1) the spiraling trails of mass-loss ejecta appear as concentric arcs, and (2) the colatitudinal velocity field promotes an equatorial outflow fast enough to disrupt the ejecta (e.g., Mastrodemos & Morris 1999) .
One issue in the present analysis is that the discrepancy in the signal strengths in the two-epoch data set (due to much lesser S/N of epoch 1 data) resulted in rather large uncertainties in proper-motion measurements. At any rate, both theoretical and observational work is scarce at best to establish the connection between the concentric arcs and the binary modulation of stellar winds. Therefore, another epoch of HST observations to obtain data with a comparable S/N to the epoch 2 data are extremely interesting in quantifying the colatitudinal dependence of the radial velocity field to be compared against the latest theoretical expectations (e.g., Mohamed & Podsiadlowski 2011; Kim & Taam 2012) . Also, mapping these concentric arcs in CO at the comparable spatial resolution of the full ALMA is worthwhile (e.g., Maercker et al. 2012) to do understand kinematics between the gas and dust components of these outflows.
Concluding Summary
We performed differential proper-motion and radial-motion analyses on both the signature bipolar lobes and concentric arcs of the Egg Nebula using two-epoch optical data
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